We aimed to compare the overall survival (OS) of patients with bone metastases (BM) from solid tumors after standard-dose radiotherapy ([RT]; 30 Gy administered in 10 fractions; EQD 2Gy = 32.5 Gy) and dose-escalated RT (EQD 2Gy > 32.5 Gy). We retrospectively reviewed the clinical charts of 1795 patients (median age, 62.3 years; age range, 18-96 years) with BM from solid tumors who were referred for RT to our institute between 2000 and 2013. These patients were assigned to the standard-dose (n = 1125; 63%) and doseescalated (n = 670; 37%) RT groups. OS, estimated as the duration between the first RT session and death, served as the main outcome measure. The dose-escalated RT group had a significantly better OS than the standard-dose RT group (P = 0.000). After allowing potential confounders in multivariate analysis, the RT dose retained its independent association with OS (hazard ratio [HR], 0.837; 95% confidence interval [CI], 0.753-0.929, P = 0.001). After propensity score matching of the baseline characteristics of both groups, RT dose retained its independent association with OS (HR, 0.887; 95% CI, 0.737-0.951; P = 0.011) on multivariate analysis. Dose-escalated RT exerted more favorable effects on OS in patients with non-lung cancer, those without multiple metastases, those without symptoms, and those with favorable prognosis. Dose-escalated RT was significantly associated with better OS in patients with BM from solid malignancies, particularly among those with non-lung cancer, those without multiple metastases, those without symptoms, and those with favorable prognosis.
Introduction
The bone is the one of the most frequently involved site of metastasis from solid tumors [1] . Bone metastasis (BM) is indicative of a short-term prognosis, and the median survival from the time of diagnosis is several months [2] . The development of skeletal-related events (such as spinal cord compression and pathologic fractures) from BM leads to considerable morbidity and mortality [3] . In such cases, the use of multidisciplinary interventions aimed at ORIGINAL RESEARCH Dose-escalated radiation therapy is associated with better overall survival in patients with bone metastases from solid tumors: a propensity score-matched study reducing pain, increasing bone stability, preserving function, and improving local tumor control has become increasingly common.
In theory, improved disease control can prolong survival in patients with cancer. Systemic therapies (e.g., chemotherapy, hormonal therapy, or targeted therapy) are known to improve overall survival (OS) in certain patients with distant metastases [4, 5] . The surgical management of isolated BM is also feasible and improves survival outcomes [6, 7] . Reports indicate that radiotherapy (RT) dose escalation improves local disease control in patients with BM [8, 9] . However, it is unclear whether RT dose escalation is still associated with better OS in patients with BM.
The linear-quadratic radiobiological model enables the comparison of different fractionation schedules by calculating the equivalent dose in 2 Gy fractions (EQD 2Gy ). Using this linear-quadratic model, the shape of the survival curve can be determined via the α/β ratio, which has units of radiation dose. In the present study, assuming an α/β ratio of 10 Gy for clearing tumor cells, we aimed to compare the OS after standard-dose RT (30 Gy administered over 10 fractions; EQD 2Gy = 32.5 Gy) and doseescalated RT (EQD 2Gy > 32.5 Gy) for patients with BM from solid tumors.
Materials and Methods

Study patients
Between January 2000 and December 2013, we retrospectively reviewed the clinical charts of patients with solid malignancies who were referred for RT to the Chang Gung Memorial Hospital. All participants had a histology-proven diagnosis of cancer, except for some patients with hepatocellular carcinoma, for whom imaging evidence alone was considered to be sufficient [10] . The exclusion criteria were as follows: history of palliative RT for metastases located in anatomical sites other than the bone; EQD 2Gy < 32.5 Gy; unavailability of official pathological reports; unavailability of baseline characteristics (e.g., education level or employment status); patient age <18 years; and loss to follow-up within 6 months after RT completion. All data were collected by a radiation oncologist and an experienced nurse. The study protocol was approved by the Institutional Review Board of the Chang Gung Memorial Hospital (IRB 201601358B0). Due to the retrospective nature of the study, the need for informed consent was waived.
Definitions of the study variables
The duration of RT was defined as the time interval between the first and the final RT session. The field area was calculated by multiplying the maximum field length per field width. Patient age was recorded during the first visit to the radiation oncologist. The patients with symptoms of BM before RT were categorized into three groups: those without symptoms, those with pain, and those with neurological deficits. The time for metastasis was defined as the time interval between the initial primary cancer diagnosis and the identification of distant metastases from the same tumor. For the purpose of analysis, this value was categorized as >1 year or ≤1 year. Metastases to the bone were dichotomized as spinal or nonspinal metastases. Multiple metastases were considered when ≥2 different organs were involved, or if different parts of the skeleton were affected (e.g., sternum and sacrum), or multiple spinal metastases were present that required a treatment field >12.5 cm in size. The location of the primary tumor was categorized as lung cancer and non-lung cancer (including urinary tract cancer, breast cancer, gastrointestinal cancer, and other cancers). Systemic treatments were analyzed, starting from 1 month before RT to the date of the last follow-up. The detailed definitions of the study variables have been previously reported [11] . In brief, the performance status was determined using the Eastern Cooperative Oncologic Group (ECOG) scale. The presence of comorbidities (dichotomized as yes/no) was assessed, using the Charlson Comorbidity Index [12] . Employment status was categorized as "unemployed," "low-wage employed," or "high-wage employed," according to the Registrar General's Social Class (RGSC) scheme, with slight modifications. The education level was classified as low (elementary school and below) or high (junior high school and above). The patients' residence was coded as rural or urban (population density >800 persons per square kilometer). As per the US Centers for Disease Control and Prevention (CDC) classification system [13] , cigarette smoking was dichotomized as yes (subjects who smoked ≥100 cigarettes in their lifetime) or no (subjects who smoked <100 cigarettes in their lifetime and no current smoking status). Similarly, alcohol consumption (current and former drinkers vs. never drinkers) and betel quid chewing (current and former chewers vs. never chewers) were treated as dichotomized variables.
Statistical analysis
OS served as the main outcome measure and was calculated as the time interval (in months) from the date of the first RT session to the date of death. Local control was defined as "no new tumors" in the previous radiation field. The diagnosis of local failure of BM was confirmed, using computed tomography or magnetic resonance imaging. The differences between the standard-dose RT and dose-escalated RT groups were assessed using Student's t-tests (continuous variables) or χ 2 tests (categorical data). Survival curves were plotted with the Kaplan-Meier method, and compared with the log-rank test. Multivariate Cox proportional hazards regression analyses were used to identify the independent predictors of OS. Results were expressed as hazard ratios (HRs) with 95% confidence intervals (CIs). The heterogeneity of the treatment effects in subgroup analyses was assessed by comparing the baseline characteristics identified as significant prognostic factors in the entire study cohort (i.e., sex, performance status, primary cancer, time to metastases, presence of multiple metastases, systemic therapy, education level, and betel quid chewing). In all analyses, two-tailed P < 0.05 was considered statistically significant. The propensity score was estimated via logistic regression, using the dependent variable in the two groups. All data were analyzed using the SPSS 24.0 software package (IBM Corporation, Armonk, NY). Propensity score matching was performed with the R program, version 3.03, in the MatchIt package (R Foundation for Statistical Computing, Vienna, Austria).
Results
Between 2000 and 2013, we identified 7557 patients with distant metastases from solid tumors who were treated with RT. Patients with a history of palliative RT to metastases located in anatomical sites other than the bone (n = 3650), EQD 2Gy < 32.5 Gy (n = 2015), unavailable official pathological reports (n = 12), unavailable baseline characteristics (n = 39), and age <18 years (n = 33), as well as those lost to follow-up within 6 months after RT completion (n = 13) were excluded. Consequently, 1795 patients (median age, 62.3 years; age range, 18-96 years) were included in the present analysis. With regard to the primary cancer location, 607 patients (33.8%) had lung cancer, 296 (16.5%) had urinary tract cancer, 242 (13.5%) had breast cancer, and 650 (36.2%) had other types of solid tumors. Table S1 illustrates the relationship between RT doses and the primary tumor location. The median time between primary tumor diagnosis and the identification of distant metastases was 5.28 months (range, 0-17.56 years). A total of 1125 (63%) and 670 (37%) patients were assigned to the standard-dose and doseescalated RT groups, respectively. Table 1 summarizes the general baseline characteristics of the study participants according to the RT group. The mean EQD 2Gy values for the standard-dose and dose-escalated RT groups were 32.5 Gy and 40.4 Gy, respectively. The dose-escalated schemes varied widely, although the most common doseescalated RT schemes were 2.5 Gy × 14 fractions (13.4%), 3 Gy × 11 fractions (12.8%), 3 Gy × 12 fractions (9.3%), 4 Gy × 7 fractions (8.2%), 5 Gy × 6 fractions (6%), and 2 Gy × 20 fractions (4.9%). The mean RT duration in the standard-dose and dose-escalated RT groups was 14.3 days (standard deviation, 2.9 days) and 19.6 days (standard deviation, 9.3 days), respectively.
OS and local control
The median follow-up duration for surviving patients was 46.7 months (range, 7.5-184.4 months). A total of 1668 patients died at follow-up. The 1-and 2-year OS rates in the entire study cohort were 34.2% and 18.9%, respectively (median OS, 6.54 months; range, 6 days to 184.4 months). The dose-escalated RT group had a significantly better OS and local control than the standarddose RT group (P = 0.001, P = 0.044; Figure 1 ). Several variables were found to be significantly associated with OS on univariate analysis ( Table 2 ). After allowing potential confounders on multivariate analysis, the RT dose retained its independent association with OS (HR, 0.837, 95% CI = 0.753-0.929, P = 0.001; Table 2 ).
Propensity score matching
To minimize the selection biases in our retrospective cohort, we used propensity score matching to balance the standard-dose and dose-escalated RT groups. We focused on the baseline significant differences at the P ≤ 0.1 level (Table 1) . We found that the dose-escalated RT patients were significantly more likely to be younger (P < 0.001); not have symptoms; have less neurological deficits (P = 0.013), longer time to metastases (P < 0.001), better performance status (P = 0.002), less spinal lesions (P < 0.001), and breast cancer as the primary tumor (P < 0.001); and were significantly less likely to have lung cancer as the primary tumor (P < 0.001). Therefore, we selected age, time to metastases, performance status, initial symptoms, and primary cancer type as the independent variables for propensity score calculation. The matching was performed in a 1:1 ratio, with the nearest-neighbor method without replacement. Finally, a total of 670 patient pairs were matched after calculation.
After propensity score matching, the preexisting statistical differences between the groups were well-balanced, except for the presence of more frequent spinal lesions in the standard-dose RT group (P = 0.031). The median OS for the standard-dose RT and dose-escalated RT groups were 6.27 and 8.48 months (P < 0.001), respectively (Table 1) . Significantly improved 1-and 2-year OS rates were achieved in the dose-escalated RT group, as compared to the standard-dose RT group (40.7% and 34.2% vs. 23.7% and 19.1%; P < 0.001; Table 1 ). In the multivariate analysis after propensity score matching, the RT dose retained its independent association with OS (HR, 0.887, 95% CI, 0.737-0.951; P = 0.011; Table 2) .
Subgroup analyses
We then investigated whether dose-escalated RT could be more effective in specific patient subgroups. We found that dose-escalated RT exerted more favorable effects on OS in the following three subgroups: patients with nonlung cancer, patients without multiple metastases, and patients without symptoms (Table 3 ; Figure 2 ). These characteristics were also independently good prognostic factors for OS. After combining with performance status ECOG 0-1, the four characteristics were then used to categorize the entire study cohort into subgroups, as follows: patients expected to have a favorable prognosis (with 3-4 favorable prognostic factors), patients expected to have a moderate prognosis (with 1 or 2 favorable prognostic factors), and patients expected to have an unfavorable prognosis (without any favorable prognostic factor, Figure 3 ; Figure S1 ). Dose-escalated RT showed better OS rates in patients with favorable (P = 0.012) or moderate prognosis (P < 0.001) as compared to those treated with standard-dose RT. In contrast, patients with unfavorable prognosis did not show a better OS when treated with dose-escalated RT (P = 0.880; Figure 4) . The results of multivariate analysis indicated that the radiation dose was independently associated with OS in patients with favorable prognosis (HR, 0.784; 95% CI, 0.635-0.968; P = 0.024) and in those with moderate prognosis (HR, 0.808; 95% CI, 0.708-0.922 P = 0.002). However, no such association was evident in patients with unfavorable prognosis (Table 4) .
The dose-escalated RT group demonstrated a significantly better OS than the standard-dose RT group in both the spiral and nonspiral BM subgroup analyses (P = 0.015, P = 0.022; Table 3 ).
Discussion
The results of our retrospective study indicate that doseescalated RT is associated with a better OS than standarddose RT in patients with BM from solid tumors. Although the two study groups exhibited significant baseline differences in terms of the time to BM, initial symptoms, performance status, and primary tumor location, the radiation dose retained its independent significance as a predictor of OS in the multivariate analysis. After propensity score matching, the baseline characteristics were appropriately balanced. Nevertheless, the radiation dose was still a predictor of OS. These findings are consistent with those shown by Rade et al. [14] , who showed that dose-escalated RT (EQD 2Gy = 39-40 Gy) significantly improved the OS, as compared to standard-dose RT (EQD 2Gy = 32.5 Gy; 30 Gy administered in 10 fractions) in 382 patients with spinal cord compression caused by metastases.
The 2-year local control rate was significantly better in dose-escalated RT than in standard-dose RT group, 95.2% and 90.3%, respectively. Our result is consistent with that of a previous study by Yamada et al. [9] , who found that higher RT doses delivered to the metastatic spinal lesions resulted in better local control (24 Gy vs. <24 Gy, P = 0.03; ≥23 Gy vs. <23 Gy, P = 0.04). Additionally, Laufer et al. [8] reported a superior local control in patients who received a high-dose RT schedule (27 Gy in 3 fractions), compared with those who received a low-dose schedule (30 Gy in 5 or 6 fractions), with 1-year local relapse rates of 4% and 22%, respectively. Another study demonstrated that remineralization and recalcification were significantly better with the schedule involving 30 Gy administered in 10 fractions than in the schedule involving 8 Gy administered in a single fraction [15] .
In the subgroup analysis, we identified three independent favorable prognostic factors (non-lung cancer, absence of multiple metastases, and absence of symptoms) that predicted not only the OS, but also the response to dose-escalated RT. We assumed that the benefits of dose-escalated RT on OS are markedly greater when the life expectancy is higher. The patient's performance status was added to further stratification because the role of the performance status as a prognostic factor for cancer patients is supported by a previous study [16] . As predicted, patients who were expected to have a favorable prognosis (median OS, 11.79 months) were significantly influenced by the administration of dose-escalated RT (HR, 0.784; P = 0.024). However, patients who were expected to have an unfavorable prognosis (median OS, 4.03 months) did not significantly benefit from doseescalated RT (P = 0.762). These findings are consistent with those of a previous report, which showed that the escalation of the radiation dose to an EQD 2Gy of 39-40 Gy did not improve local control or OS, as compared to an EQD 2Gy of 32.5 Gy (30 Gy administered in 10 fractions) in patients with spinal cord compression due to BM [17] . In contrast, dose-escalated RT yielded better local control and OS in patients with metastatic spinal cord compression who showed a relatively favorable survival [14, 18] . The present study had certain limitations. First, the baseline characteristics of patients in the dose-escalated and standard-dose groups were not suitably balanced. For example, differences were observed in terms of the time to BM, performance status, and primary tumor location. Even after using propensity score matching to balance the statistical differences between the groups, our study remains prone to selection bias, and hence, we cannot exclude the presence of residual confounding factors that were not accounted for. Consequently, our current findings should be considered as hypothesis-generating and require independent confirmation in larger, well-designed longitudinal studies.
Conclusions
Dose-escalated RT, with doses >30 Gy administered in 10 fractions, was significantly associated with better OS in patients with BM from solid malignancies. The favorable effects of dose-escalated RT on OS were particularly evident in patients with non-lung cancer, those without multiple metastases, those without symptoms, and those with favorable prognosis. 
